We present a device and method for performing vector transmission spectroscopy on biological specimens at terahertz (THz) frequencies. The device consists of artificial dielectric birefringence obtained from silicon microfluidic grating structures. The device can measure the complex dielectric function of a liquid, across a wide THz band of 2 to 5.5 THz, using a Fourier transform infrared spectrometer. Measurement data from a range of liquid specimens, including sucrose, salmon deoxyribonucleic acid (DNA), herring DNA, and bovine serum albumin protein solution in water are presented. The specimen handling is simple, using a microfluidic channel. The transmission through the device is improved significantly and thus the measurement accuracy and bandwidth are increased.
Introduction
Spectroscopy methods are increasingly being used as a tool for characterization of aqueous and biological samples. 1, 2 Bacterial detection, 3 optical properties of biological tissues, 4 and cell morphology of cultured monolayers 1 have been reported to date. All living cells contain deoxyribonucleic acid (DNA), glucose, sucrose, lipids, fat, and water. To determine the cell morphology and physical condition, it is important to know the behavior of the individual contents and their interaction with water. Veiseh et al. 3 demonstrated cell spectroscopy in the infrared region, by differentiating the absorbance peak for various concentrations of lipopolysaccharide (LPS). However, the system produced measurement anomalies, in which the peak shifted with varying concentration. Nagai et al. 5 demonstrated terahertz (THz) time-domain attenuated total reflection spectroscopy of sucrose solution in water. However, the variation of dielectric function was not consistent over the entire range of sucrose solution concentrations investigated.
Presently, there is a great deal of interest in developing spectroscopy systems in the THz regime for polar liquids including biological samples in an aqueous medium. 1, [6] [7] [8] . Biological and aqueous samples produce specific features in the THz band. 2, [9] [10] [11] However, THz spectroscopy suffers from high absorption in biological samples due to water content. 1 Transmission and reflection mode THz spectroscopy have been reported to date. 12, 13 However, the bandwidth is limited to 3 THz, due to the limited signal strength at higher frequency.
Here, a device for performing vector transmission spectroscopy on biological specimens is demonstrated. Data from aqueous solutions of sucrose, salmon and herring DNA, and Bovine serum albumin (BSA) at THz frequencies is presented. The device consists of a silicon grating structure, where the aqueous solutions fill the space between the tines of the grating. The grating grooves also act as microfluidic channels. The grating behaves as a uniform dielectric when the period is sufficiently small compared to the operating wavelength. The device enables the direct measurement of the complex dielectric function across the THz band by measuring two scalar transmission spectra, using perpendicular linear polarized radiation in a Fourier transform infrared spectrometer (FTIR). Because, the loss in silicon is smaller, the overall transmission will be higher, even for very lossy solutions. The resulting increase in signal strength improves the measurement accuracy and the bandwidth significantly. By modifying the grating period and depth, the operating band of the device can be adapted significantly.
Experimental Methods and Setup

Artificial Dielectric and Transmission Equation Through Multilayer Device
A non-dispersive artificial dielectric can be made using a grooved grating with a grating-vector k and period Λ ≪ λ, where λ is the measurement wavelength, as shown in Fig. 1 . The effective permittivity in the grating plane is determined by the material from which the grating is made, the external material that fills the grating grooves and the grating fill-factor, f ¼ a∕Λ, where a is the solid portion of the grating. Using zeroorder effective medium theory the effective permittivity for the transverse electric (TE) mode, where E⊥k, and transverse magnetic (TM) mode, where E‖k, can be estimated. 14 
For a grating
where the substrate has relative permittivity ε s , and the external medium has a relative permittivity ε e , the effective permittivities for the TE and TM modes are
and
respectively. We have developed the transmission equation of an electromagnetic wave through a multilayer dielectric. [15] [16] [17] For completeness, some of the key equations are presented below. Using admittance η, propagation constant γ, and grating depth d, a transmission matrix can be developed for the grating layer in TE/TM mode that is given by
A total matrix can be produced by multiplying the individual layer matrix (silicon on both sides of grating). If the device has air either side of it (the input and output medium), the transmission coefficient, τ TE∕TM , for the TE∕TM mode is given by:
the magnitude of which in the TE and TM modes is given by,
where η 0 is the admittance of air and τ Ã TE∕TM is the complex conjugate of τ TE∕TM .
Fabrication of the Silicon Grating and Cap
A 450-μm thick silicon wafer, polished on both sides, with a resistivity of 3 to 10 kΩ-cm was used for the fabrication of the grating. The wafer was spin-coated with positive tone photo resist and exposed using a chrome mask plate in a Suss Microtech MA6. The pattern was developed and hard baked at 120°C for 30 min in an oven. A short plasma ash was used to remove any thin layer of resist in the opening. The device was etched by deep reactive ion etching for 9 min at a rate of ∼4 μm∕ min. Reservoirs as shown in Fig. 2 (b) were also etched at the same time to equal depth. The details of the fabrication have already been described. 18 A scanning electron micrograph and a photographic image are shown in Fig. 2 . The grating area was 1.2 × 1.2 cm, and the depth was 35 μm. Λ and f were 20 μm and 0.48, respectively as shown in Fig. 2(a) . A 450-μm thick silicon cap was made with two holes at two ends, as shown Fig. 2 (c).
Sample Preparation and Measurement Setup
We studied solutions of sucrose in water at concentration of 12.5% to 50% by weight. The sucrose was bought from Sigma-Aldrich. 19 In order to ensure complete solution of the sucrose, the mixtures were heated up to a temperature of 70°C and magnetically stirred during heating then cooled. Salmon and herring double stranded (ds) DNA and BSA protein solution in water were also made. No heat was used to make these solutions. The concentration of DNA was in the range 0.1% to 0.5% by weight, while for BSA, it was 0.05% to 0.1%. A Bruker 66 V∕S series FTIR system was used for the experiment. An optical image of the sample holder, including linear polarizer, sample and mirror orientation is shown in Fig. 3 . A description of the measurement setup is presented in an earlier piece of work. 17 All measurements were carried out at 23°C. The operating frequency of the measurement setup is 2.0 to 5.5 THz. The lower and upper frequency is defined by the FTIR source and grating period, respectively. The uniformity of the electromagnetic field through the grating is verified by simulation. 17 
Results and Discussions
We measured the scalar quantities TTE and TTM for a grating with depth d ¼ 35 μm filled with the sample liquid. Since we know the dielectric constant of the silicon and other grating parameters, we may therefore use Eq. (5) to calculate εðε 0 þ jε 0 0 Þ. The unknown parameters were calculated using the equation solver tool in Matlab. 20 The grating structure may have some influence on the measured spectrum; therefore an empty cell filled with air was measured first. All subsequent measurements were corrected against air by subtraction. However, there are some ripples in the spectra which may arise from the Fabry-Perot resonance and Matlab solver. Prior to commencing experiments on different specimens, we tested a device by making several measurements between reloads with a deionized (DI) water sample. The results are accurate within an error band of ∼3% from the average value. In addition to the deviation mentioned above, there can be some variations from device to device. However, each data, set presented in this article, was taken from a single device.
Using the device, several concentrations of sucrose in DI water have been studied. The measured absolute values of the real and imaginary parts of the dielectric function in the range of 2 to 5.5 THz are shown in Fig. 4(a) and 4(b) . It can be seen that both the real and imaginary part of dielectric function decrease with increasing concentration of sucrose. However, the imaginary part shows consistent and relatively high variation with increasing concentration. Sucrose is a nonpolar material, which reduces the polarization of the aqueous solution. 21 Therefore, the transmission loss, i.e., the imaginary part of dielectric function is reduced with increasing concentration of sucrose in water. The trend is consistent with results presented below 1 THz, for similar materials, such as sugar. 12 Due to the importance of disease diagnosis, drug discovery, and genetic invention, the characterization of DNA interaction with water has received a great deal of attention. In addition to the differentiation of various DNA, quantifying the DNA concentration in water is also very important. The real and imaginary parts of the dielectric functions from our measurements are shown in Fig. 5 . It can be seen that both the real and imaginary part of the dielectric function are increased with increasing concentration of DNA in water. The DNA strands are made from alternating phosphates and sugar residues. The asymmetric end of the DNA strands are 5' and 3', where terminal phosphate and hydroxyl group are attached, respectively. Due to the presence of this hydroxyl group, the DNA molecule is chemically polarized, and increase the loss in THz spectra. Therefore, the dielectric loss increased with increasing concentration of DNA in water. By comparing the dielectric function at a specific frequency or a bandwidth, the concentration of the DNA can be found from a solution. The increase in loss with DNA is supported by Bhattacharya et al. in infrared region, 22 and Swicord et al. in microwave region. 23 In addition, Swicord et al., 23 reported that an increase in absorption may occur due to shorter chain length of DNA. Shorter DNA strands will, for the same weight, be more numerous in number, and this may account for the increased loss. The average chain length of salmon DNA is ∼50 nm, 24 and herring DNA is ∼85 nm. 25 These data support our measured results.
BSA has various biochemical applications, such as immunohistochemistry, cell culture, and determining the quantity of other proteins. It is believed that the 3-D structure of BSA is similar to the crystal structure of human serum albumin 26 ; therefore the characterization of BSA in water is valuable. We have measured dielectric spectra of the BSA protein dissolved in DI Fig. 3 The measurement setup in the FTIR chamber. The sample under test is the device shown in Fig. 2(c) . water. The real and imaginary parts of the dielectric function are shown in Fig. 6 . It can be seen that although the variation of the real part is not significant, the imaginary part of the dielectric function consistently increases with increasing concentration of BSA. The BSA protein contains amino acid residue. Depending on the side chains, the amino acid can be polar or non-polar. The amino acid is hydrophilic when the side chain is polarized. Since BSA is soluble in water, it is chemically polarized. Due to the polarization, the dielectric loss will increase with increased concentration of BSA protein in water. The increase in the loss that we observe, is similar to the results published at lower frequencies (20 to 160 MHz) measured by ultrasonic spectroscopy, 27 and in the ultra violet-visible frequency spectrum measured by fluorescence spectroscopy. 28 In addition to the dielectric function at a specific frequency, we can also use the average dielectric function over a frequency band to estimate the concentration of any specific material in a solution. 12 The error in the data will be substantially reduced from the 3% error as a consequence of arithmetic averaging. We have averaged the dielectric function in the range 3.0 to 4.0 THz and 4.5 to 5.5 THz for various concentrations of sucrose and salmon DNA, respectively. The resulting data shows clear trends in the value of ε 0 and ε 0 0 as a function of the concentration. The data, together with a linear fit, is shown in Fig. 7 .
The average data with the fitted curve are shown in Fig. 7 . The linear functions for the real and imaginary part, respectively, that fit the curves for sucrose are,
where A 0 1 ¼ 3.70, B 0 1 ¼ 0.0084, A 0 0 1 ¼ 1.87, and B 0 0 1 ¼ 0.0081 and x is the percentage of sucrose in the water-sucrose mixtures by weight. The respective fit functions for salmon DNA are, mixtures by weight. From the above equations and the fitted constants, we can estimate the dielectric function for a known concentration of sucrose or DNA. Conversely, from a known dielectric function we can in principle estimate the amount of sucrose or DNA in a mixture of the specific material in water.
Conclusions
We have presented a spectroscopic method using an artificial dielectric, consisting of a grating structure in silicon. The device can measure the complex dielectric function of a liquid specimen using a commercial FTIR. The transmitted signal through the grating structure, when filled with a polar liquid, such as water is improved significantly due to structure of the device. The higher signal level improves the measurement bandwidth and accuracy. The measured frequency range is 2 to 5.5 THz, and can in principle be adapted for lower or higher frequency by manipulating the grating depth and period. We have used this device to analyze complex liquids such as sucrose solution in water and the device can be used to quantify the concentration. We have further demonstrated the capability of the device for other biological solutions that are of great interest, and performed spectroscopy of salmon DNA and herring DNA, and BSA protein. These solutions are all strongly absorbing in the THz band. The device can satisfactorily differentiate various concentrations of specific material in water when averaging is performed over selected frequency bands. The device will enable further spectroscopic studies of lossy biological specimens using widely available FTIR equipment.
